The nuclear-to-electron spin angular momentum conversion via hyperfine coupling in a normal metal (NM)/ferromagnet (FM) bilayer system is theoretically investigated by using the nonequilibrium Green's function method. The spin current generated by the nuclear magnetic resonance (NMR) is found to be enhanced by the pulling effect in the FM when the temperature is lower than NMR resonance frequency. In a Co/Pt bilayer system, we show that the spin current by NMR becomes larger than that of the ferromagnetic resonance (FMR).
The nuclear-to-electron spin angular momentum conversion via hyperfine coupling in a normal metal (NM)/ferromagnet (FM) bilayer system is theoretically investigated by using the nonequilibrium Green's function method. The spin current generated by the nuclear magnetic resonance (NMR) is found to be enhanced by the pulling effect in the FM when the temperature is lower than NMR resonance frequency. In a Co/Pt bilayer system, we show that the spin current by NMR becomes larger than that of the ferromagnetic resonance (FMR). Introduction.-Spin current, a flow of electron spins, is a key concept in the field of spintronics [1] . Generation of spin current has been demonstrated by using angular momentum conversion between spin and various angular momenta in condensed matter such as magnetization [2] , photons [3, 4] , the orbital motion of electrons, and mechanical angular momentum carried by moving materials [5] [6] [7] . In this context, a remaining angular momentum in condensed matter is nuclear spins.
Because a nuclear spin couples to an electron spin via the hyperfine coupling, the nuclear spin can excite the nonequilibrium electron spin dynamics, and then, generate a spin current in principle. However, the interconversion of nuclear spin and electron spin has not been exploited. One of the reasons for this situation is that the hyperfine coupling between electron and nuclear spins is rather small compared to the couplings among electron spins. In addition, the time scale of nuclear spin is much slower than that of electron spin.
In order to overcome this difficulty, we consider the amplification of the spin current using the pulling effect [8] . As noted above, the modulation of electron spins by the motion of the nuclear spins is negligible due to the mismatch of their resonance frequencies. In ferromagnets with a large density of nuclei at low temperature, however, the dynamics of electron spins is modulated by the nuclear spins because the coherent motion of high density of the nuclear spins is induced. At the nuclear magnetic resonance (NMR) condition, the electron spins adiabatically follow the nuclear spins. This effect is called the pulling effect, and in this case, the spin angular momentum of the nuclei transfers to the electrons with high efficiency since the nuclear and electron spins behave as a coupled system. Hence, the pulling effect is expected to amplify the spin current generated by the nuclear spins.
In this article, we theoretically investigate the spincurrent generation due to interconversion of nuclear spins into electron spins via the hyperfine coupling in a normal metal (NM)/ferromagnet (FM) bilayer system. We formulate a spin transport theory driven by the nuclear spin dynamics in FM using the nonequilibrium Green's function method. It is shown that the spin current generated at the interface is enhanced by the pulling effect and takes the maximum value when the temperature is lower than NMR frequency. In a Co/Pt bilayer system, it is shown that the spin current generated by NMR at low temperature is larger than that of the ferromagnetic resonance (FMR). Our theory provides a new method of generating the spin current using NMR (MHz frequency range) larger than that generated by FMR (GHz frequency range).
Model.-We consider the spin transport in a bilayer system, where a normal metal (NM) and a ferromagnet (FM) are coupled to each other through the s-d exchange at the interface:
where σ i and S i are conduction spin in NM and localized electron spin in FM on the i-th site at the interface, and J sd is the exchange coupling. In addition, localized spins in FM are coupled to nuclear spins via hyperfine coupling:
where I j is nuclear spin on the i-th site and A hf is hyperfine coupling constant. The spin current generated at the interface is given by the rate of change of conduction electron spin in the NM,
is a spin current operator and · · · := Tr[ρ · · · ] denotes the statistical average with the density matrixρ. By performing the second-order perturbation with respect to the interfacial exchange coupling, the generated spin current is given by:
where N int is the number of sites at the interface and the random average is taken over the impurity positions at the interface. The lesser (retarded) Green's function for conduction electron spin, χ
<(R)
qr,ωt , is defined as χ
, and θ(t) is the step function. The lesser (advanced) Green's function for localized spin, G
, with χ N , τ sf , and λ N being the paramagnetic susceptibility, the spin-flip relaxation time, and the spin-diffusion length in NM, respectively.
Let us consider the situation, where conduction electron spins in the NM are in local thermal equilibrium whereas localized spins in the FM are excited by nuclear spins via the hyperfine coupling, describing by δG < . The spin current is reduced to
Spin pumping by pulling effect.
-From now on, we calculate the lesser function of localized electron spin excited by the pulling effect [8] . A coupled system of localized electron and nuclear spins is modeled by the following Hamiltonian:
where J is the exchange coupling with i,j being the summation over nearest-neighbor sites, γ e is the electron gyromagnetic ratio, D is magnetic anisotropy constant, γ N is the nuclear gyromagnetic ratio, h 0 is a DC external magnetic field, and h ac and ν are the amplitude and frequency of the AC magnetic field, respectively.
The dynamics of the local electron and nuclear spins are given by the Landau-Lifshitz-Gilbert (LLG) equation and the Bloch equation:
where α is the Gilbert damping constant of the FI, h e and h I are the magnetic fields acting on localized spin and nuclear spins, and T 1 and T 2 are the longitudinal and transverse relaxation times of nuclear spins, respectively. The magnetic field acting on the j-site localized spin is calculated by h with N e being the total number of sites of electron spins. Because the localized spin dynamics is much faster than the nuclear spin dynamics, |γ N /γ e | 1, the localized spins adiabatically follow the nuclear spins in FM. In this case, the localized spin can be considered to be static:Ṡ ≈ 0. Then, the transverse component of localized magnetic moment is related to the longitudinal one as S x,y = (h x,y e /h z e )S z , and we obtain
Here, we replace approximately the j dependent z component of the nuclear spins I Similarly, the magnetic field h I is calculated by h
where h
Using these relations, the Bloch equation can be rewritten as
whereν N is the modified NMR frequency given byν N = γ N h 0 + ν N (1 + ξ I z / S z ) with ν N and ξ being the bare NMR frequency and enhancement factor defined as
± ν e iνt into Eq. (13), we have
Using Eqs. (11) and (14), the lesser Green's function δG < is given by
By inserting this equation into Eq. (4), we obtain the spin current generated by nuclear spin dynamics:
At the resonance condition ν = −γ Nhz , Eq. (16) reduces to
where A int is the surface area of the interface expressed by A int = N int a int with a int being the unit surface area of the interface, and (17) shows that NMR spin pumping is proportional to the square of the transverse relaxation time T 2 . Because the transverse components of nuclear spins relax to the thermal equilibrium state during T 2 , the long T 2 leads to the strong non-equilibrium state and enhances the nuclear spin pumping.
The temperature dependence of the nuclear spin pumping is determined mainly by ( I z ξ) 2 in Eq. (17). Here, we calculate the z-component of nuclear spin I z in mean field approximation given by
where I 0 is nuclear spin value and x is defined as x := ν z /(k B T ). When the temperature T is lower than T * given by T * := ν N /k B , the nuclear spins are fully polarized and I z becomes I 0 . Because the factor ( I z ξ) is an increasing function of I z , NMR spin pumping is enhanced for T T * . By contrast, when the temperature T is higher than T * , the temperature and magnetic field dependence of NMR spin current is obtained as
Amplification of NMR spin pumping.-Now we estimate the spin current (17) for a bilayer system of the cobalt and platinum (Co/Pt) where Co and Pt are FM and NM layers, respectively. To evaluate Eq. (17), we combine Eq. (17) with the spin current driven by FMR. Following Ref. 10 , we obtain the spin current driven by FMR as follows:
where α is the Gilbert damping constant given by α = α 0 +δα, with α 0 and δα being the intrinsic and additional terms due to the spin pumping, and ω 0 is FMR frequency expressed by ω 0 = γ e (h 0 + h A ). We introduce G s (ω 0 ) as
Using the material parameters in a Co/Pt system [15] as α = 0.014, h ac = 0.11 mT, γ e h 0 = 2π × 9.75 GHz and I for a Co/Pt system in Fig. 2(a) , where the spin current is normalized by FMR spin pumping I FMR S . In the region of low temperature or magnetic field (red colored region), the spin current driven by NMR becomes larger than that of FMR. In 2(b), we show the temperature dependence of I Pull S at a fixed magnetic field h 0 = 1 mT. The NMR spin pumping is a decreasing function of the temperature. We obtain the NMR spin current as |I Pull S | = 1.9 × 10 7 A/m 2 at T = 10 mK and h 0 = 1 mT. Comparing |I Pull S | with the FMR spin pumping in a Co/Pt system I FMR S [15] , the NMR spin pumping at T = 10 mK and h 0 = 1 mT is amplified to about 1.5 times larger than that of the FMR spin pumping. Note that FMR spin pumping in a Co/Pt system is almost independent of temperature [16] .
The enhancement of NMR spin pumping in a Co/Pt system at low temperature is obtained the competition of the gyromagnetic ratios and relaxation times of the nuclear and electron spins. Comparing Eqs. (17) with (19), we obtain the ratio of I Conclusion.-In this article, we have investigated spin-current generation by nuclear spin dynamics via hyperfine coupling in a normal metal (NM)/ferromagnet (FM) bilayer system. We have formulated spin transport theory using the nonequilibrium Green's function method. The spin current generated at the interface is found to be enhanced by the pulling effect and is maximized at the temperature lower than NMR resonance frequency. In a Co/Pt system, we have predicted the amplification of the NMR spin current generation. Our theory reveals a new mechanism of angular momentum conversion in condensed matter systems, and suggests a new method of generating the spin current using NMR (MHz frequency range) which is larger than that generated by FMR (GHz frequency range).
